The decay of the nuclear magnetization along a spin-locking field in the rotating frame has been studied in solid deuterium, at a frequency of 4.7 MHz, following the method of Rowland and Fradin. Measurements were made between 4 and 13 K, on samples having para ( J=1) mole fractions X ranging from 0.04 to 0.9. The lab-frame transverse relaxation time T 2 was measured in the range 13-17 K. These data permitted the observation of thermally activated diffusion between 9 and 17 K, corresponding to a change in the characteristic time τ between molecular jumps of some seven orders of magnitude. The activation energy is (276 ± 20) K, independent of concentration. No evidence could be detected of the slow diffusion from quantum tunneling of vacancies predicted by Ebner and Sung. For the temperature range below about 8 K, the rotating-frame formalism has been adapted to the specific spin-lattice relaxation mechanisms present in D 2 , and account has been taken of the intramolecular spin-spin interactions. Effects of translational molecular motion were not seen in this region. This is consistent with the very slow rates expected theoretically by Oyarzun and Van Kranendonk. At intermediate and high ( J=1) mole fractions X and below about 8 K, the exponential decay of the spin-locked magnetization was preceded by a short transient of approximately 0.1-sec duration. This transient is thought to be associated with the internal equilibration of the nuclear-spin energy systems. Its lifetime T x is much longer than T 2 of the rigid lattice because the NMR line is inhomogeneously broadened by the intramolecular spin-spin interactions. The magnitude of T x has been correlated with previously reported cross-relaxation times for the lab frame. 
I. INTRODUCTION For low magnetic fields, comparable in magnitude to the dipolar local field, relaxation-time measurements can give information about diffusion not available from high-field measurements. This is due to the fact that in the low-field regime, where the Zeeman and dipolar Hamiltonians are comparable in size, changes in dipolar energy due to atomic or molecular motion are very rapidly communicated to the Zeeman system, providing for spin-lattice relaxation. Indeed one can detect jump times comparable to the spin-lattice relaxation time, whereas in the high-field regime the limiting time is the rigid lattice (RL) spin-spin relaxation time T~. Another possibility, as we shall see, is the study of energy diffusion through an inhomogeneously broadened line. Since in the low-field case the Zeeman energy, which is the quantity measured, is comparable with other terms in the Hamiltonian, the flow of energy into those terms can be monitored. In practice, it is most convenient to achieve the low-field regime in the "rotating frame. "
In the present experiment, rotating-frame studies of solid D2 were made. Thermally activated diffusion was monitored between 9 and 13 K using this technique. The diffusion mas also followed in the range 13-1V K, via the transverse relaxation time T2 in the lab frame, using the formalism of Resing and Torrey. In the region below about 8 K, ther mally activated diffusion has a negligible effect on the nuclear-spin system. Also, the quantum diffusion observed in H~by Amstutz, Thompson, and Meyer and treated by Oyarzun and Van Kranendonk should be too slow to be detected in D~. Here the rotating-frame measurements have provided useful information on the flow of energy among the terms of the spin Hamiltonian.
In particular, the inhibition of cross relaxation associated with inhomogeneous broadening of the NMR line by intramolecular spin-spin interactions was studied by monitoring the decrease of the Zeeman energy with time. These results mere successfully correlated with previous studies in the lab frame below 5 K. v In Sec. II the rotating-frame theory of Rowland and Fradin will be reviemed briefly and adapted to the specific case of D2. The relevant constants in the theory mill be derived, and the effect of the intramolecular spin-spin interactions will be included. For the region below 8 K where the intramolecular interaction broadens the line, an estimate will be made of the time for internal equilibration of the nuclear-spin system. Also a generalization of the relation derived by Resing and Torrey for the Tz of a motionally narrowed line will be given. Section III will describe the pulsed-NMR method used, . and outline the other experi-mental procedures. The experimental data and analysis will be presented in Sec. IV (3b) Nuclear relaxation in weak applied fields has been discussed by Bedfielde and by Hebel and Slichter using the concept of a spin temperature and a "weak-collision" theory. Sliehter and Ailiona modified this treatment for the "strong-collision" regime, and applied it to the case where the low fields were achieved by an adiabatic transformation to a reference frame rotating about the static field at the Larmor frequency. More recently, Bowland and Fradins have also discussed relaxation in the rotating frame. These authors, however, attained the rotating-frame conditions using the "spin-locking" pulse sequence of Hartmann 
This is obviously an approximation, since at high fields the total Zeeman energy is conserved and one is concerned only with its redistribution among the nuclear spins. Nevertheless, since the mechanism of energy exchange is basically the same in both cases, it is probably a reasonable one. As will be seen, the cross relaxation is observable as a short transient of duration T" in the exponential decay of the magnetization along the rotating field. This transient corresponds to the coming into equilibrium of the various nuclear spin energy systems, shown in Fig. 1 Here the factor 4 represents the fraction of the quadrupole bath that overlaps in energy with the dipolar and Zeeman baths, with
It has long been known that motional narrowing of the high-field NMR line provides a means of probing diffusion in condensed systems. The experimental values of the rotating-frame relaxation time T~a nd of T~a re shown in Fig. 4 for a representative mole fraction X= 0. 89 Fig. 1 is a reasonable one.
V. CONCLUSIONS
By combining rotating-frame relaxation data with measurements of the transverse relaxation time in the lab frame, it has been possible to determine the time 7 between jumps due to thermally activated diffusion in solid D& over some seven orders of magnitude.
It was shown that the activation energy is essentially constant between 9 and 17 K. Furthermore, there is fair consistency in the absolute magnitude of v as calculated from the theory of these two very different pulse techniques.
Below 14 K there was no evidence of another diffusion process based on quantum tunneling of vacancies, as predicted by Ebner and Sung.
Below the classical diffusion region, rotatingframe measurements gave no indication of translational molecular motion, consistent with theoretical expectations. The decays with time of the magnetization in the rotating frame were characterized by a short-lived initial transient, the time of which increased with X and with decreasing temperature.
This transient was associated with the energy flow within the nuclear spin system, and related to the cross-relaxation time previously measured in the lab frame. The values of the characteristic energy-exchange time T» from the two kinds of measurements merged smoothly as a function of temperature.
However, this parameter was found to have a much weaker temperature dependence than predicted by a simple random-step model. In view of this, and since solid D2 offers a unique case where the inhomogeneous broadening is (i) random on an atomic scale and (ii) strongly temperature dependent, a more detailed theoretical treatment would seem most desirable.
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We now evaluate Tg. The assumption of a spin temperature allows us to write where
where the subscript t denotes a time-dependent operator at time t, K, is given in Eq. (5), and we again set the resonance frequency to zero. 
where
After the powder average and that over the orthopara mixture are taken, we may set
To'= 144m (yc'Z](0)+ 5d'Jz(0)]
If we neglect the small terms in T, in Eqs. (A4) and (A10) 135, A1099 (1964) .
